Introduction
Antibody-based drugs are revolutionizing cancer therapy. Because of their exquisite specificity, mAbs are uniquely suited for rationally designed cancer therapies, providing highly selective drugs with reduced toxicities. Although antibodies that block receptor function have become important weapons in the oncologist's arsenal, enhanced potency can be achieved by arming antibodies with small-molecule drugs to create antibody-drug conjugates (ADCs). Importantly, following ADC uptake and cleavage, released cell-permeable warheads can diffuse locally to kill antigen-negative cells, helping alleviate problems associated with target antigen heterogeneity.
Over 100 ADCs are in preclinical development, more than 60 are in clinical development, and 3 are US FDA approved and used clinically for cancer therapy (1, 2) . Brentuximab vedotin (Adcetris), monomethyl auristatin E-linked (MMAE-linked) anti-CD30 ADC, is used for the treatment of Hodgkin lymphoma; trastuzumab emtansine (T-DM1; Kadcyla), DM1-linked anti-HER2 ADC, is used for the treatment of HER2 + breast cancer; and inotuzumab ozogamicin (Besponsa), calicheamicin-linked anti-CD22 ADC, is used for the treatment of adults with relapsed or refractory acute lymphoblastic leukemia (ALL). Most ADCs have been designed to target tumor cells directly and are limited to select groups of antigen-positive patients. Furthermore, heterogeneous target expression on tumor cells can lead to resistance through antigen loss following treatment.
An alternative ADC approach involves targeting the tumor stromal compartment, as malignant tumor growth is driven by dynamic interplay between tumor cells and surrounding stromal cells (3) (4) (5) . Indeed, in some tumors, stroma can comprise up to 90% of the total tumor mass (6, 7) . Because tumor-associated stroma of diverse cancer types share many features, stromal-targeted therapy has potential widespread utility. Furthermore, increased genetic stability of nonmalignant stroma may limit the development of resistance -for example, through target antigen loss (8) . Carcinoma-associated fibroblasts (CAFs) are the most prevalent stromal cell type within the tumor and can facilitate tumor growth (9, 10) . When coinjected with tumor cells, CAFs, but not normal fibroblasts, promote breast and prostate cancer growth (11, 12) . CAFs are thought to promote tumor growth through immune suppression and secretion of factors that stimulate cancer cell proliferation, invasion, and angiogenesis (13, 14) . Tumor endothelium also plays a critical role in promoting tumor growth and metasAlthough nonmalignant stromal cells facilitate tumor growth and can occupy up to 90% of a solid tumor mass, better strategies to exploit these cells for improved cancer therapy are needed. Here, we describe a potent MMAE-linked antibody-drug conjugate (ADC) targeting tumor endothelial marker 8 (TEM8, also known as ANTXR1), a highly conserved transmembrane receptor broadly overexpressed on cancer-associated fibroblasts, endothelium, and pericytes. Anti-TEM8 ADC elicited potent anticancer activity through an unexpected killing mechanism we term DAaRTS (drug activation and release through stroma), whereby the tumor microenvironment localizes active drug at the tumor site. Following capture of ADC prodrug from the circulation, tumor-associated stromal cells release active MMAE free drug, killing nearby proliferating tumor cells in a target-independent manner. In preclinical studies, ADC treatment was well tolerated and induced regression and often eradication of multiple solid tumor types, blocked metastatic growth, and prolonged overall survival. By exploiting TEM8 + tumor stroma for targeted drug activation, these studies reveal a drug delivery strategy with potential to augment therapies against multiple cancer types.
Tumor stroma-targeted antibody-drug conjugate triggers localized anticancer drug release normal human and 563 tumor formalin-fixed, paraffin-embedded (FFPE) tissue sections. For this, we generated a rabbit mAb (clone 37) that reacted with the extracellular domain (ECD) of both mouse and human TEM8. Immunoblotting a TEM8-GST deletion series followed by peptide mapping revealed that the antibody recognized a 15-amino acid N-terminal region that is 100% conserved between mouse and human TEM8 but differs by 1 amino acid with rabbit TEM8 (Supplemental Figure 1 , A-D; supplemental material available online with this article; https://doi.org/10.1172/ JCI120481DS1). IHC on TEM8 -HT29 tumors grown in Tem8 WT and Tem8-KO mice verified the specificity for TEM8 in tumorassociated stroma ( Figure 1A ). TEM8 IHC revealed wide stromal expression in most tumors analyzed (~71 % overall), but TEM8 was undetectable in almost all corresponding adjacent normal tissues ( Figure 1B and Supplemental Figure 2A ). One exception was normal kidney, in which we observed weak positive glomeruli staining in 2 of 22 samples. Importantly, when frozen sections from 17 primary breast cancer tumors and metastatic colon tumors were analyzed by immunofluorescence (IF) staining, all samples showed high stromal TEM8 with no signal detected in normal adjacent tissue (Supplemental Figure 2 , A and B), suggesting that TEM8 antigen may have been sensitive to variations in the FFPE fixation conditions used and that TEM8 positivity in FFPE tumor tissues was likely an underestimate, as noted for other antibodies (31, 32) .
Next, we evaluated TEM8 expression in 44 different normal adult mouse organs or tissues taken from Tem8 WT and Tem8-KO mice. TEM8 expression was undetectable in all normal tissues examined, except lung and brain. In lung, faint positive staining appeared throughout, whereas in brain, we detected weak TEM8 expression only in choroid plexus epithelium (Supplemental Figure 2C) . These experiments indicate that TEM8 is most highly expressed in tumor-associated stroma and represents a potential target for ADC development.
TEM8 is expressed in tumor-associated fibroblasts, pericytes, and endothelium. While TEM8 was originally identified in tumor endothelial cells, subsequent studies revealed widespread TEM8 expression throughout the tumor stroma (21, 23) . To determine which stromal cell types express TEM8, we performed co-IF staining on human colorectal tumors. TEM8 colocalized strongly with CAF markers, including FAP, α-smooth muscle actin (α-SMA), and PDGFRβ ( Figure 1C ). While TEM8 was expressed in stromal cells throughout the tumor (Supplemental Figure 3) , fibroblast expression was heterogeneous, with high levels detectable in some, but not all, FAP + , α-SMA + , and PDGFRβ + stromal cells. Although fibroblasts were the most prominent TEM8 + stromal cell type, in some tumors TEM8 was detectable in CD146 + endothelials cells (ECs) and desmin + pericytes ( Figure 1D and Supplemental Figure 4 ) as previously described (33) .
Development of a fully human, high-affinity TEM8 ADC. Given the widespread TEM8 overexpression in tumor stroma, we sought to develop an anti-TEM8 ADC. We screened a diverse human scFv yeast antibody display library to identify a fully human mAb for ADC development. Importantly, in vitro antibody display avoids tolerance mechanisms, allowing identification of antibodies against highly conserved epitopes. One antibody, m825, was isolated after repeated screening with mouse and human TEM8 ECD and selected for ADC development, because it showed high affinitasis, and agents that block angiogenesis through VEGF pathway inhibition are an important component of cancer therapies. However, tumors can adapt by exploiting VEGF-independent pathways of neovascularization, and new approaches to attack tumor endothelium are urgently needed.
While the potential of stromal targeting is widely recognized, innovative approaches have been difficult to implement, largely because of a scarcity of optimal targets with high tumor specificity. Fibroblast activation protein α (FAP), a cell-surface protein overexpressed by most CAFs, was initially considered a stromal cell target but was found to be expressed in normal tissues, which has dampened enthusiasm for FAP targeting (9, (15) (16) (17) . Fortunately, advances in genomics and proteomics have revealed antigens highly expressed on tumor-associated stroma, which may have the specificity needed to develop a stromal cell-directed ADC (18) (19) (20) .
Tumor endothelial marker 8 (TEM8, also known as ANTXR1) is a highly conserved 80-to 85-kDa single-pass, cell-surface transmembrane glycoprotein originally identified on the basis of its upregulation in human tumor endothelium (19, 21) . TEM8 was also found to be widely expressed on tumor-associated perivascular stromal cells, although nonendothelial TEM8 + stromal cells have not been fully characterized (22) (23) (24) . TEM8 upregulation during pathological (tumor) angiogenesis, but not normal angiogenesis, suggests that TEM8 targeting may have minimal offtarget toxicities (25) . While TEM8 function in normal physiology remains unclear, TEM8 can bind collagen types I and VI and aid in cell spreading and migration on collagen I in vitro (21, (26) (27) (28) . Furthermore, while wound healing was unaffected inTem8 WT versus KO mice, the growth of breast, colon, lung, and melanoma tumors was significantly delayed (23, 29) . In preclinical studies, treatment with naked TEM8 antibodies slowed tumor growth and prolonged survival through a mechanism that may involve function-blocking activity or antibody-dependent cellular cytotoxicity (23) . However, no tumor regressions in response to the monotherapy were observed. Here, we set out to determine whether TEM8 could provide a useful target for the development of a more potent stromal cell-directed ADC. We describe the preclinical development of m825-MMAE, a TEM8 ADC with potent tumor-regressing activity against multiple cancer types and an unexpected tumor-killing mechanism that depends on tumor-associated stroma.
Results
TEM8 is broadly expressed in human tumor-associated stroma. Previous studies reported high TEM8 mRNA and protein expression levels throughout the stroma of a small number of colon, lung, esophageal, bladder, and breast cancers (21, 23, 24, 30) . To further explore TEM8 expression patterns, we performed IHC on 172 The cathepsin B site was incorporated into the linker to facilitate MMAE release from the antibody upon internalization into lysosomes. m825-MMAE contained an average of 4 drug molecules per mAb, the optimal drug-to-antibody ratio found in previous studies (35) . Binding and internalization of m825 and m825-MMAE were indistinguishable by ELISA and cell uptake assays ( Figure 2A and Supplemental Figure 5A ). Although m825-MMAE was extremely stable in human serum, in mouse serum, analysis by liquid chromatography tandem mass spectrometry (LC-MS/MS) revealed the gradual release of up to 24% free MMAE by 3 weeks (Supplemental Figure 5B ), in agreement with previous findings (36, 37) . The partial instability of MMAE-ADCs in mouse serum has been attributed to low-level cleavage of dipeptide linkers by carboxylesterase 1C, an enzyme found in mouse but not human serum (38) .
We monitored in vitro cell viability with m825-MMAE in 293 parent cells and 293/TEM8 cells stably transfected with TEM8. We found that 293/TEM8 cells were effectively killed by the ADC, while parental 293 cells were unaffected ( Figure 2G ). As expected, membrane-permeable MMAE free drug displayed indiscriminate cytotoxicity against 293 and 293/TEM8 cells, while parental mAb m825 had no cytotoxic activity ( Figure 2G ). Thus, m825-MMAE selectively kills TEM8-expressing cells. Figure 3B ). We observed tumor regressions in most tumor types (Figure 3 , A-G), with 10% to 80% of the mice being tumor free following treatment, depending on the model. Intravenous versus intraperitoneal ADC administration in the DMS-273 model showed no difference in efficacy ( Figure 3C ). We found that m825-MMAE was also highly effective against lung (COS-G) and breast (CLO-G) cancer patient-derived xenograft (PDX) models, inducing a complete regression of many tumors, even when treatment was initiated after tumors reached a relatively large size (1,000 mm 3 ) ( Figure  3 , J and K, and Supplemental Figure 8 ). Importantly, TEM8-ADC ty for TEM8 (K D : 59 pM), was specifically internalized into TEM8 + cells, and showed favorable characteristics for antibody production, including high yields and stability ( Figure 2A and Table 1 ).
TEM8 shares 54% amino acid ECD identity with capillary morphogenesis protein-2 (CMG2, also known as ANTXR2), the primary anthrax toxin receptor and second ANTXR family member identified following TEM8. When we evaluated m825 for specificity in IP and performed flow cytometric studies using mouse and human TEM8-or CMG2-expressing cells, we observed only murine TEM8 (mTEM8) and human TEM8 (hTEM8) binding ( Figure 2 , B and C). Upon searching nucleotide databases for other possible TEM8 homologs, we identified a previously uncharacterized third ANTXR family member in cDNA samples from testis. We sequenced human and mouse cDNA from testis and identified full-length ORFs, called ANTXR-like (ANTXRL), encoding putative transmembrane receptors (GenBank accession numbers KY947541 and KY947542). The ECD of ANTXRL, which contains a single vWA domain similar to that of the other ANTXR family members, shares 45% amino acid identity with TEM8 and 41% amino acid identity with CMG2. PCR screening of mouse and human cDNA panels derived from various adult and embryonic tissues revealed expression only in testis (Figure 2 , D and E). Overexpression of FLAG-tagged mouse or human ANTXRL in HEK293 cells (referred to hereafter as 293 cells) revealed a protein of approximately 55 to 60 kDa ( Figure 2B ). Flow cytometric staining verified that both mouse and human ANTXRL proteins, like TEM8 and CMG2, were expressed on the cell surface ( Figure  2C ). Importantly, flow cytometry and IP with m825 revealed no detectable cross-reactivity with mouse or human ANTXRL, verifying the specificity for TEM8 (Figure 2 , B and C).
To construct the TEM8 ADC, m825 was linked to MMAE, a potent microtubule-disrupting synthetic analog of the murine natural product dolastatin 10 (34), via a cathepsin B-cleavable valine-citrulline dipeptide linker ( Figure 2F ), the same druglinker design used for clinically approved brentuximab vedotin. Immunoprecipitated proteins were immunoblotted (IB) with anti-TEM8 mAb (αTEM8) (rabbit c37), anti-CMG2 mAb (clone 1H8), and anti-FLAG mAb. GAPDH was used as a loading control. (C) Flow cytometry was used to evaluate m825-MMAE reactivity in CHO cells stably expressing hCMG2 or hTEM8, or 293 cells expressing mCMG2, mTEM8, mANTXRL, or hANTXRL. As a positive control, PA-FITC was used to bind both CMG2 and TEM8, and anti-FLAG antibodies were used to detect mouse and human FLAG-tagged ANTXRL proteins. (D) RT-PCR was used to evaluate mouse Antxrl mRNA expression in various adult organs and E7, E11, E15, and E17 whole embryos. was much more potent than a nontargeted MMAE-linked control ADC (Supplemental Figure 9 ), and treatment with 0.2 mg/kg free MMAE, equivalent to free drug load on m825-MMAE at 10 mg/kg, had no significant impact on tumor growth ( Figure 3J ). Although TEM8 expression in vivo is highest in tumor-associated stroma, low levels of TEM8 were detected by flow cytometry on some cancer cell lines (Supplemental Figure 10 ). To determine whether TEM8 expression levels in tumor cells were sufficient to affect ADC efficacy, TEM8 was disrupted in two TEM8 + cancer cell lines, DMS-273 (lung) and HPAC (pancreatic), using CRISPR-Cas9 (Supplemental Figure 10) . We found that disruption of TEM8 did not affect the tumor growth rate in the vehicle control groups ( Figure  3F and Supplemental Figure 11 ). However, TEM8
+ tumor cell linederived tumors were more responsive to ADC than were their TEM8 - Figure 11 ). Thus, TEM8 expression in stroma is required for the majority of antitumor activity, but TEM8 expression in tumor cells can also contribute to the overall efficacy of the TEM8-ADC.
Next, we explored ADC activity against orthotopic pancreatic tumors. Luciferase-labeled HPAC cells were injected into the pancreas of athymic nude mice which, after 19 days, were random- . Although HT29 tumors grew slower in TEM8-KO mice than in TEM8 WT mice, as expected, given the results of previous studies (23, 29) , following ADC treatments, we observed 74% tumor growth inhibition (TGI) in Tem8 WT mice but only 34% TGI in Tem8-KO mice ( Figure 5A ). The decrease in tumor growth in Tem8-KO mice was presumably caused by MMAE free drug, which is slowly cleaved from the ADC by carboxylesterase 1C present in mouse serum (38) . Nevertheless, the increased activity of m825-MMAE observed in Tem8 WT versus -KO mice supports the idea that stroma plays a role in mediating TEM8-ADC activity in vivo.
m825-MMAE targets TEM8 + stroma and induces bystander killing of tumor cells. To visualize intratumoral m825-MMAE localization, HT29 tumors were harvested 24 hours after m825-MMAE treatment and stained with anti-human antibodies to detect the fully human ADC. Costaining with rabbit anti-TEM8 mAb revealed colocalization with m825-MMAE, indicating that the ADC reached most TEM8 + stromal cells within the tumor ( Figure  5B ). TEM8-ADC bound CD31
+ tumor endothelium and FAP + CAFs in mice ( Figure 5B and Supplemental Figure 14) , revealing a staining pattern similar to that observed in ex vivo-stained human colorectal tumors (Figure 1, C and D) . However, TEM8-ADC was not found in normal tissues (Supplemental Figure 15) , consistent with previous studies using naked TEM8 antibodies (23) .
To determine which cells were responsive to TEM8-ADC, we performed TUNEL staining on tumors 24-96 hours after administration of a single dose of 10 or 50 mg/kg m825-MMAE. Two TEM8 -tumor cell lines, HPAC-T8 -/-(pancreatic) and HT29 (colon), were implanted orthotopically or s.c., respectively. Surprisingly, we found that α-SMA + CAFs were highly resistant to TEM8-ADC, and in both models we detected a notable fraction of α-SMA -apoptotic cells by 24 hours after ADC treatment ( Figure 5 , C-E). We identified the apoptotic cell population as tumor cells by using human-specific epithelial cell adhesion molecule (EpCAM) antibodies. Tumor cell apoptosis increased by 24 hours and plateaued 3.5-fold above vehicle control levels ( Figure 5E ). Because the tumor cells were TEM8 -, tumor cell killing suggested that m825-MMAE worked through bystander killing in vivo. Microvessel and CAF density were not altered by TEM8-ADC at these time points (Supplemental Figure 16) , suggesting that the rapid onset of tumor cell apoptosis probably drove the tumoricidal responses.
Drug activation and release through stroma drives bystander killing. Given the unexpectedly rapid target-independent tumor cell killing observed in vivo, we designed a serial in vitro conditioned media (CM) transfer assay to better understand the mechanism of tumor cell killing ( Figure 6A ). The assay involved 2 cell types: TEM8 -HT29 tumor cells and TEM8 + tumor stromal cells (TSCs) isolated from HT29 tumors using anti-TEM8 magnetic beads. We treated the TEM8 + TSCs with ADC, followed by transfer of the CM to TEM8 -HT29 cells, which were then monitored for changes in cell viability ( Figure 6, A and B) . Importantly, direct m825-MMAE treatment did not impact the viability of either cell type ( Figure  6C ). However, CM from TSCs that had been treated with ADC for mice had died ( Figure 4C ). We obtained similar results in a second orthotopic pancreatic model (MiaPaca2; Figure 4 , D and E).
m825-MMAE augments the efficacy of conventional anticancer agents and blocks metastases. We next sought to determine whether m825-MMAE could augment the activity of other anticancer agents. First, we treated established orthotopic MDA-MB-231 breast tumor xenografts with m825-MMAE and/or doxorubicin ( Figure 3B ). As monotherapy, 3 mg/kg m825-MMAE blocked tumor growth better than did 3 mg/kg doxorubicin. Strikingly, combination therapy significantly reduced the tumor burden compared with either monotherapy (P = 0.01; TEM8-ADC vs. TEM8-ADC plus doxorubicin). Next, in orthotopic HPAC pancreatic tumor xenografts, 3 mg/kg m825-MMAE combined with 30 mg/kg gemcitabine significantly reduced tumor burden compared with either monotherapy (P < 0.0001; TEM8-ADC vs. TEM8-ADC plus gemcitabine) ( Figure 4F ). Thus, m825-MMAE can augment the activity of conventional chemotherapeutic agents, which may eventually allow improved efficacy at reduced drug doses and thereby minimize toxicities.
Widespread expression of TEM8 in anatomically diverse primary tumors and metastases led us to hypothesize that the TEM8-ADC may also elicit activity against preestablished metastases. To test this, we used 2 models of established experimental metastasis. In the first, luciferase-tagged HCT-116 human colon tumor cells were inoculated intrasplenically to produce colon cancer liver metastases. Seven days post inoculation (dpi), mice were randomized into two groups of equal average tumor burden, and vehicle or 10 mg/kg m825-MMAE was administered (twice weekly for 3 weeks). We observed that m825-MMAE significantly reduced the tumor burden (P < 0.001) and significantly prolonged survival (P < 0.0001) compared with vehicle treatment (Figure 4, G and H) . In the second model, luciferase-tagged MDA-MB-231 breast tumor cells were injected i.v. into mice to induce lung metastases. Treatment with TEM8-ADC, initiated 7 days later (twice weekly for 3 weeks), led to a significant dose-dependent reduction in tumor burden by BLI at 28 and 32 dpi ( Figure 4I ).
m825-MMAE is well tolerated in mice.
To assess TEM8-ADC effects on animal health, we performed toxicology studies in mouse models. We examined mice treated with vehicle versus 10 mg/kg treatment (twice weekly for 3 weeks), as well as mice treated with escalating single doses of 0 mg/kg (vehicle) or 10 mg/kg or 50 mg/kg ADC. We found that serum chemistries and blood cell counts were similar in all groups, and no dose-dependent alterations were observed (Supplemental Table 1 ). The treated mice consumed food and socialized similarly to control animals, and their body weights were unchanged by treatment ( Figure 3A) . Comprehensive histopathologic analysis of 42 organs or tissues failed to reveal any abnormalities (Supplemental Figure 12) , with one exception: we observed increased apoptosis in enterocytes of gastrointestinal (GI) tissues after 50 mg/kg ADC administration. TUNEL staining of GI tissues confirmed ADC-induced apoptosis in Tem8 WT and -KO mice, revealing that toxicity was target independent and reversible upon discontinuation of treatment (Supplemental Figure 13 ). We conclude that the TEM8-ADC is well tolerated at a dose of 10 mg/kg.
m825-MMAE tumor cell killing depends on TEM8 + tumor stroma. To explore mechanisms of ADC killing in vivo and assess the contribution of host cells, we tested m825-MMAE against HT29 colon jci.org Volume 128 Number 7 July 2018 with soluble recombinant cathepsin B and this activity could be blocked by both inhibitors, only cell-permeable inhibitor blocked cytotoxicity induced by the TSC-ADC CM ( Figure 6F ). To directly test the importance of bystander killing in vivo, we next treated HT29 and HT29/P-gp tumors with TEM8-ADC. We found that HT29/P-gp tumors had only 33% treatment-induced growth inhibition ( Figure 6G ) compared with 92% for HT29 tumors ( Figure 3G ), indicating that P-gp expression in TEM8 -tumor cells reduces the efficacy of the stromal-targeted ADC. Taken together, these studies indicate that TEM8-ADC kills tumor cells by drug activation and release through stroma (DAaRTS), wherein ADC is captured by tumor-associated stromal cells, the drug is cleaved, and membrane-permeable MMAE is released to kill neighboring tumor cells.
ADC tumor response relates to tumor cell MMAE sensitivity and P-gp levels. Because DAaRTS ultimately results in tumor cell killing, we reasoned that inherent sensitivity of tumor cells to MMAE may be a major determinant of ADC activity in vivo. To test this idea, we grouped cell line-derived tumors into 2 categories: those that showed a strong response to the ADC in vivo (8 tumors, Figure 3 , A-G, and Figure 4D ), and those that displayed a moderate response (3 tumors, Figure 3 , H and I, and Supplemental Figure 6 ). In strong responders (defined as tumors that often regressed in response to treatment and included at least some animals in the cohort with tumor eradication), treatment with m825-MMAE showed superior activity compared with an equivalent amount of m825 naked antibody ( Figure 3 , A-C). Moderate responders, on the other hand, were defined as tumors that generally displayed ADC-induced tumor growth delay, with no complete tumor regressions and no discernible difference in efficacy between m825-MMAE and m825 naked antibody (Figure 3, H and I) . Next, we compared in vitro sensitivity of all the tumor cell lines with MMAE free drug. Strikingly, we found that the strong responders to the ADC in vivo also had high MMAE sensitivity in in vitro cell viability assays (IC 50 <1 nM) ( Table 2 ). In contrast, the moderate in vivo responders were resistant to MMAE in vitro (IC 50 >1 nM).
We evaluated P-gp levels in these tumor cell lines to determine whether this could explain the variation in MMAE sensitivity. Strikingly, reverse transcription PCR (RT-PCR) revealed robust ABCB1 mRNA expression in all moderate responders, whereas ABCB1 was undetectable or barely detectable in strong responders ( Figure 6H ). Treatment with tariquidar or valspodar had a negligible effect on strong responders but sensitized moderate responder cell lines to MMAE ( Table 2 ), indicating that P-gp was likely responsible for their subdued response in vivo. Importantly, HT29 tumors that eventually progressed following TEM8-ADC treatment in vivo maintained low ABCB1 levels and sensitivity to further treatment with TEM8-ADC ( Figure 3G and Supplemental Figure 19 ). However, murine TSCs and normal human fibroblasts expressed intrinsically high ABCB1 mRNA levels and were resistant to MMAE (Table 2, Figure 6H , and Supplemental Figure 20 ), suggesting that P-gp may also contribute to the lack of CAF apoptosis in vivo ( Figure 5, C and D) .
Given our data, we hypothesized that tumor cell P-gp might predict tumor responsivity to TEM8-ADC. To test this and determine whether we could identify a highly responsive immunocompetent tumor model, we evaluated Abcb1 levels in 15 murine tumor up to 72 hours caused a striking decrease in HT29 viability that correlated with conditioning time, i.e., the 72-hour CM were the most toxic, followed by 48-hour and 24-hour CM ( Figure 6C ). m825-MMAE was rapidly internalized into endosomes upon binding TSCs (Supplemental Figure 17) , and ADC-TSC binding was required for cell killing, as cytotoxicity was blocked by the treatment of TSCs with an excess of unlabeled m825. We reasoned that m825-MMAE may have stimulated the TSCs to secrete a factor toxic to HT29 cells, or that the m825-MMAE conjugate was being cleaved by the TSCs, leading to the release of membrane-permeable MMAE free drug. Heating the ADC CM to 95°C for 10 minutes did not reduce its cytotoxic activity, suggesting that the transferred cytotoxic factor was thermally stable. Mass spectrometry revealed free MMAE in TSC-ADC CM, indicating that cytotoxicity most likely resulted from ADC processing by TSCs followed by MMAE-mediated bystander killing of HT29 cells. Free MMAE had a fragment ion spectrum identical to that of synthetic MMAE, indicating that the ADC was cleaved at the valine-citrulline dipeptide linker, releasing MMAE free drug (Supplemental Figure 18) .
Recent studies from our laboratory (39) and others (40, 41) suggest that MMAE can be exported from cells by the transmembrane ATP-binding cassette drug transporter P-glycoprotein (P-gp, also known as ABCB1 and MDR-1). We compared the viability of parent HT29 cells with P-gp-transfected HT29/P-gp cells and found that P-gp conferred resistance to both MMAE free drug and TSC-ADC CM ( Figure 6, D and E) . Furthermore, treatment of HT29/P-gp cells with tariquidar or valspodar (PSC833), potent inhibitors of P-gp, resensitized the cells to both MMAE and TSC-ADC CM. To determine whether uptake and processing of the ADC by cathepsin B was necessary to produce free MMAE, we treated TSCs with both cell-permeable (Z-FA-FMK) and cellimpermeable (CA074) cathepsin B inhibitors prior to the ADC CM assay. While m825-MMAE was cytotoxic to HT29 if pretreated in vivo resistance to P-gp-sensitive drugs can occur without P-gp induction and that certain chemoresistant tumors may retain sensitivity to TEM8-ADC. However, because other tumors may acquire or intrinsically express P-gp, assessing P-gp expression in tumor cells could represent a useful diagnostic biomarker to guide patient selection and ensure that the TEM8-ADC is given to those most likely to respond. Moreover, because MMAE, DM-1, and calicheamicin are all substrates of P-gp (45, 46) , these results have potential implications for clinically approved ADCs and many others in clinical development. Identifying alternative payloads that are insensitive to drug-efflux pumps like P-gp could be particularly valuable for patients whose tumor cells are P-gp + . A major concern for any ADC approach is the potential for adverse effects. Many ADCs currently in clinical development have been designed to target human tumor cell antigens and do not cross-react with corresponding mouse orthologs, limiting preclinical toxicology studies. We designed fully human antibodies that are cross-reactive with both mouse and human TEM8, allowing us to assess on-target/off-tumor toxicities in our preclinical mouse models. We found that m825-MMAE was well tolerated, with no overt alterations in body weights or other clinical parameters. Extra attention was given to normal brain, lung, and kidney, in which we detected low levels of TEM8 in some cases, but observed no toxicities in these tissues. One possible explanation is that the expression noted in normal adjacent clinical samples was induced by nearby tumor tissue. Also, MMAE is known to selectively target actively dividing cells, providing a safeguard that helps protect quiescent "normal" cells. Because ADC activity is also dependent on receptor levels (39), another possibility is that TEM8 levels in normal cells lie below the threshold needed for cytotoxic activity. Histopathological analysis revealed mild off-target toxicities in the GI tract following administration of 50 mg/kg TEM8-ADC, a dose 5 times that used in our efficacy studies. However, because these toxicities were target independent, they were probably caused by the premature release of MMAE from the ADC by carboxylesterase 1C, an enzyme present in mouse but not human serum. Moreover, the reversibility of GI toxicities upon treatment cessation suggests that any potential GI toxicities may be manageable. Further toxicity studies in primates (which lack serum carboxylesterase 1C) will be required to fully establish the safety profile of TEM8-ADC. The ADC field is also rapidly maturing, and it is possible that additional modifications involving, for example, site-specific drug conjugation and increased drug-to-antibody ratios through surface hydrophobicity masking could also help improve the therapeutic index of TEM8-ADC (47) (48) (49) .
Recently, treatment with MMAE-linked ADCs has been proposed as a strategy to overcome immune suppression and augment the activity of immune checkpoint inhibitors (50, 51) . Direct intratumoral injection of microtubule-destabilizing agents has also been proposed as a strategy to simultaneously kill tumor cells and promote the maturation of tumor-infiltrating DCs and cytotoxic T lymphocyte (CTL) activity (52) . Although the mechanisms responsible for this T cell potentiation remain incompletely understood (53, 54) , DAaRTS could potentially augment immunotherapies by localizing MMAE to surgically inaccessible tumors following systemic delivery. models. Although P-gp (ABCB1) is expressed at low or undetectable levels in the tumor cells of many human cancers, including the majority of lung, pancreatic, and breast cancers (42) (Supplemental Figure 20A ), consistent with our earlier analysis ( Figure  6H ), surprisingly, we found that most murine tumor models (14 of 15) expressed high Abcb1 levels (Supplemental Figure 20B) . One exception was RENCA, in which Abcb1 levels were undetectable. We then performed tumor studies of RENCA and 2 P-gp + tumors (4T1 and LLC). As predicted, on the basis of our analysis, RENCA was the only highly responsive tumor, with objective responses in all 13 mice, including 3 complete responses (Supplemental Figure  20C) . In contrast, we observed modest growth delays (35%-47%) with tumors derived from the P-gp + tumor cell lines. These studies demonstrate that it may be possible to predict tumor responsiveness to TEM8-ADC therapy on the basis of tumor cell P-gp levels.
Discussion
Although the tumor microenvironment is known to play an indispensable role in tumor growth, potential vulnerabilities afforded by stromal cells remain unexploited, in part due to a lack of recognized suitable cancer-associated stromal cell targets. Here, we demonstrate broad overexpression of TEM8 in tumor-associated stromal cells, predominantly in CAFs, endothelium, and pericytes. Given the established role of stroma in promoting tumorigenesis (23, 29) , our initial goal was to deplete tumors of TEM8 + tumor stroma through TEM8-ADC treatment. Instead, we found that ADC efficacy was driven through an unexpected mechanism, which we call DAaRTS, whereby drug-resistant TEM8 + tumor stromal cells bind, internalize, and process ADC, releasing cellpermeable MMAE free drug to induce rapid bystander killing of nearby drug-sensitive tumor cells in a target-independent manner.
Most ADCs depend on direct tumor cell binding for activity, whereas DAaRTS exploit the tumor microenvironment for ADC prodrug activation. While tumor cell-directed ADCs frequently target only a limited number of tumor types or a subset of patients with defined alterations (e.g., trastuzumab emtansine targeting HER2 + tumors), ADCs that react with tumor-associated stroma can potentially target many different tumor types. TEM8 was found to be broadly expressed throughout the stroma of most primary tumors and metastases in both humans and mice. TEM8-ADC treatment resulted in regression and often eradication of multiple tumor types, including lung and breast cancer PDX models. Furthermore, TEM8-ADC showed activity against preestablished metastasis of human colon and breast cancer, prolonging overall survival. By exploiting the resistance of P-gp + host stromal cells, free drug could be localized at the tumor site, which was sufficient, in many cases, to eradicate tumors and prevent acquired resistance.
Recent studies have highlighted a correlation between tumor cell P-gp levels and resistance to MMAE-linked ADCs (41) . Here, by genetically engineering MMAE-sensitive tumor cells to express P-gp, we directly demonstrate that this multidrug pump contributes to tumor cell resistance both in vitro and in vivo, in agreement with findings from another recent study (40) . Two P-gp -tumor models, MDA-MB-231 and OVCAR-3, were sensitive to the TEM8-ADC, even though these tumors were derived from patients who had relapsed following combination chemotherapy with adriamycin (43, 44 regions was normalized to the EpCAM + (or α-SMA + ) surface area and presented as the fold change relative to the untreated control. CAF and vessel densities were calculated by determining the average α-SMA + or CD31 + area as a percentage of the total tumor area and presented as the fold change relative to the vehicle control. Images were captured with either a Zeiss LCI510 or a LSM780 confocal microscope and analyzed using Fiji software (ImageJ, NIH). Expression vectors. Full-length human and mouse FLAG-tagged ANTXRL expression vectors, containing an N-terminal 3×FLAG tag and codon optimized ORFs, were synthesized (IDT) and assembled by Gibson assembly (New England BioLabs) into pcDNA3.1 (Invitrogen, Thermo Fisher Scientific). The sequences for hANTXRL and mAntxrl have been deposited in GenBank (accession numbers KY947541 and KY947542).
Development of rabbit mAb against TEM8. In collaboration with Epitomics, rabbits were injected sequentially with both recombinant hTEM8(ECD)-Fc protein and 293 cells stably overexpressing fulllength mouse TEM8 on the cell surface (293/mTEM8). Rabbits with the highest antibody titers were identified by comparing before and after immunization bleeds for selective reactivity with CHO cells stably overexpressing either mTEM8 or hTEM8. Hybridoma supernatants that displayed specific reactivity with TEM8-ECD by ELISA were screened for reactivity with native TEM8 by flow cytometry using CHO-mTEM8 and CHO-hTEM8 cells. Clones that tested positive by flow cytometry were then tested for reactivity with TEM8 in IP, immunoblotting, and IF applications. One mAb, c37 (clone 37), that reacted with both mTEM8 and hTEM8 in each of the assays was then used to generate stable 293-derived producer cells for antibody production and purification. m825 antibody production and purification. A yeast display library was constructed using a collection of human antibody gene repertoires, including the genes used for the construction of a phage display Fab library (57) and those from more than 50 additional individuals. As this library is immune naive through in vitro stochastic pairing of VH and VL repertoires, it is not subject to tolerance mechanisms found in normal immune responses and allowed the generation of antibodies against regions of the TEM8 ECD that are 100% conserved between mouse and human. In vitro selection of the yeast display library involved 3 rounds of sequential panning on biotinylated, purified recombinant TEM8(ED)-AP and TEM8-Fc fusion proteins. Biotinylated hTEM8(ED)-AP (10 μg) was incubated with 5 × 10 10 cells from the initial naive antibody library in 50 ml PBS-BSA (PBS containing 0.1% BSA) for 2 hours, washed with PBS-BSA, and captured with streptavidin-conjugated microbeads from Miltenyi Biotec using the AutoMACS System. The sorted cells were amplified, and the panning was repeated once with hTEM8(ED)-AP and once with mTEM8(ED)-AP protein to enrich for cross-reactive binders. The highest affinity mAb, m825, was converted into fullIn summary, we show that intrinsically resistant, tumor-associated stromal cells can be exploited to function as a drug-activating sponge, removing ADC prodrug from the circulation and focusing active free drug on the tumor. TEM8 overexpression is associated with most solid tumor types, such as breast, colon, lung, and pancreatic tumors, for which there is an urgent need of improved therapies. Widespread overexpression of TEM8 in cancers from disparate anatomical sites suggests that TEM8-ADCs may be particularly useful for the treatment of late-stage metastatic disease. (56) . Cells expressing mTEM8, hTEM8, mCMG-2, hCMG-2, FLAG-mANTXRL, FLAG-hANTXRL, hP-gp, or luciferase were generated by Lipofectamine 2000-mediated (Thermo Fisher Scientific) stable transfection.
Methods
IHC. FFPE sections were deparaffinized, treated with proteinase K, Dual Endogenous Enzyme-Blocking Reagent, biotin block (Dako), and then blocked with 1% blocking reagent (Roche) in TBS (100 mM Tris [pH 7.5], 150 mM NaCl) plus 1% Triton-X 100. Sections were incubated with rabbit anti-human TEM8 (c37; Epitomics) for 2 hours at room temperature, followed by signal amplification (Vectastain ABC HRP Kit; Vector Laboratories).
IF staining. For co-IF staining of human colorectal tumors, TEM8 was labeled with either rabbit anti-TEM8 (c37; Epitomics) or chimeric anti-TEM8 (c-m825) primary antibody. CAFs were stained with mouse anti-α-SMA (clone 1A4; MilliporeSigma); rat anti-FAPα (MABS1001; Vitatex); or rabbit anti-PDGFRβ (clone 28E1; Cell Signaling Technology) antibodies. Endothelium was stained with mouse anti-CD146 (clone P1H12; Thermo Fisher Scientific) and pericytes with goat anti-desmin (R&D Systems). Isotype-matched nonspecific IgGs were used as controls. For in vivo ADC-imaging, 10 mg/kg m825-MMAE was injected i.v. into HT29 tumor-bearing mice, and tissues were collected 24 hours later. ADC was detected with biotin goat anti-human IgG or biotin donkey anti-human IgG secondary antibodies (Jackson ImmunoResearch Laboratories) followed by Texas Red streptavidin (Vector Laboratories) or FITC goat anti-human IgG (Jackson ImmunoResearch Laboratories) followed by 488-goat anti-FITC (Invitrogen, Thermo Fisher Scientific). For costaining, rat jci.org Volume 128 Number 7 July 2018
Flow cytometry. Cells were trypsinized, rinsed in cold PBS-BSA, and labeled with m825-MMAE, an isotype-matched human IgG, or FITC-conjugated protective antigen (List Biologicals Laboratories) in PBS-BSA at 4 o C. Next, cells were rinsed, incubated with FITC-conjugated goat antihuman IgG or 488-goat anti-FITC secondary antibodies, and then rinsed again. Cells transfected with FLAG-tagged ANTXRL were detached with 1 mM EDTA due to trypsin sensitivity and labeled with FITC-conjugated mouse anti-FLAG mAb followed by 488-goat anti-FITC secondary antibody. Analysis was performed on a FACSCalibur Flow Cytometer (BD).
ELISA. TEM8 ELISA plates were prepared by coating TEM8 ECD protein at 1 μg/well overnight at 4°C onto UltraCruz high-binding 96-well ELISA plates (Santa Cruz Biotechnology). Titrations of m825 human anti-TEM8 mAb, m825-MMAE, and an isotype-matched human IgG were incubated on the plate for 1 hour, followed by biotinylated goat anti-human secondary antibody and streptavidin-HRP. Signal was detected using 1-Step Ultra TMB-ELISA substrate solution (Thermo Fisher Scientific).
RT-PCR. RNA was isolated from cells using the RNeasy Kit (QIA-GEN), and cDNA was synthesized using the Superscript III Kit (Invitrogen, Thermo Fisher Scientific). The following PCR primer pairs were used: hANTXRL, forward: 5′-GAGCAGGAAGCCTTCGGTAC-3′, hANTXRL, reverse: 5′-TGTGCCACCAGTTCTCCATC-3′; mAntxrl, forward: 5′-TGGTGTCATCCCAAGGCG-3′, mAntxrl, reverse: 5′-TCTAAGACCTGCTACGTGTGTCC-3′; mAbcb1 and hABCB1, forward: 5′-ATGGATGAGATTGAGAAAGCTGTC-3′, mAbcb1 and hAB-CB1, reverse: 5′-TGACAAGTTTGAAGTAAATGCC-3′; and mEif4h and hEIF4H, forward: 5′-GGCTAGTCAGAGACAAAGACACAG-3′, mEif4h and hEIF4H, reverse: 5′-ATGTCCACACGAAGTGACCG-3′. The mAbcb1 and hABCB1 and mEif4h and hEIF4H primer pairs were designed against sequences that are 100% conserved between mice and humans. hABCB1, forward: 5′-CTGGTTGCTGCTTACATTCAGG-3′, hABCB1, reverse: 5′-GGAGTCAACGGATTTGGTCG-3′; and hGAPDH, forward: 5′-GGAGTCAACGGATTTGGTCG-3′, hGAPDH, reverse: 5′-GAGG-CATTGCTGATGATCTTG-3′. The human hABCB1 and hGAPDH primer pairs were designed to react with human but not mouse genes.
m825-MMAE serum stability test. Briefly, for the m825-MMAE serum stability test (Seventh Wave Laboratories), m825-MMAE was incubated with PBS or serum from mouse, rat, monkey (cynomolgus), or humans for up to 21 days, flash frozen, and then analyzed by solid phase extraction of free MMAE followed by LC-MS/MS analysis. Auristatin F was used as an internal control.
Cell viability. Cell viability was measured using Alamar Blue (Thermo Fisher Scientific). Cells were plated and 24 hours later treated in triplicate with m825-MMAE, m825, MMAE free drug, or MMAE plus P-gp inhibitors (50 nM tariquidar, a gift of Michael M. Gottesman (NCI, NIH); 900 nM Valspodar, MilliporeSigma). Three to five days after treatment, 10% Alamar Blue reagent was added to the plates, and fluorescence was measured on a CLARIOstar Microplate Reader (BMG Labtech) according to the manufacturer's instructions.
Toxicology studies. C57BL/6 mice were treated with 20 mM histidine buffer (vehicle control) or 10 or 50 mg/kg m825-MMAE. Samples were processed 24 hours later for complete blood counts (CBC), serum chemistry, and histology. Forty-two separate tissues were evaluated from each group (3 males and 3 females, total of 6 mice/group) by a board-certified veterinary pathologist (DCH). To determine long-term toxicity, these experiments were repeated using athymic NCr nude mice (2 males and 7 females, total of 9 mice/group). Mice were treated with 10 mg/kg m825-MMAE (twice weekly for 3 weeks). For TUNEL staining in GI tissues, size human IgG1. As an additional research tool, we also created a mouse-human chimeric m825 (c-m825) full IgG, wherein the constant domains of mouse IgG2a (CH1, CH2, CH3, and CL) were fused to the human variable domains (VH and VL). m825 or c-m825 IgGs were collected from culture supernatants grown in serumfree medium and purified by protein A chromatography. Antibody preparations for in vivo studies possessed less than 5% aggregates and had endotoxin levels below 1 EU/mg.
Preparation of m825-MMAE ADC. The m825-MMAE ADC was made by conjugating the antibody to a maleimide-activated drug-linker containing MMAE using a 2-step reaction. Partial reduction of antibody interchain disulfide bonds with tris (2-carboxyethyl)-phosphine hydrochloride (TCEP HCl) yielded a reduced antibody intermediate mixture containing free thiols. In the second step, the partially reduced antibody was reacted with excess maleimide-activated drug-linker to afford the crude ADC product with the desired average drug-to-antibody ratio (DAR) of approximately 4 and ultrafiltered. The final formulation (10 mg/ml m825-MMAE in 20 mM, pH 5.8 histidine buffer) was sterile filtered. Antibody preparations used for in vivo studies had a DAR of 4, possessed 5% aggregates, and had endotoxin levels of 0.275 EU/mg.
Antibody affinity measurements. m825 Fab was generated from full-size IgG1 using the Pierce Fab Preparation Kit (Thermo Fisher Scientific). Surface plasmon resonance was used to measure binding affinity of the Fab to the TEM8 ECD on a BIAcore X100 instrument (GE Healthcare). Purified mAP-TEM8 and hAP-TEM8 fusion proteins were diluted in 10 mM sodium acetate buffer (pH 5.0) and immobilized on a CM5 biosensor chip using an amine coupling kit. The running buffer was HBS-EP (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.05% surfactant P20). The Fabs diluted with the running buffer were allowed to flow through the cells at concentrations ranging from 0.05 nM to 500 nM. After 10 minutes of dissociation, the chip was regenerated with 10 mM acetate buffer, pH 4.0. The data were fitted with a 1:1 binding model, and the dissociation rate constant was estimated with BIAevaluation software (Biacore).
TEM8 ADC cell uptake assay. CHO-hTEM8 and TSC cells grown on poly-D-lysine-coated glass-bottomed dishes (MatTek) for 24 hours were rinsed with PBS containing 0.5% BSA (PBS-BSA) and stained with 4 μg/ml m825, m825-MMAE, or isotype-matched nonspecific human IgG diluted in culture medium containing 0.5% BSA on ice for 30 minutes. Cells were rinsed with PBS-BSA and stained for an additional 30 minutes on ice with an FITC-goat anti-human secondary antibody and then either transferred to a 37°C incubator for 60 minutes or left on ice. Cells were then counterstained with CellMask Orange plasma membrane stain and Hoechst 33258 nucleic acid stain (both from Thermo Fisher Scientific) and imaged on a Zeiss LSM510 microscope.
IP and immunoblotting. Lysates were incubated overnight with human anti-TEM8 mAb (m825). The precipitated proteins were eluted from protein A agarose beads (Roche), separated by SDS-PAGE, and transferred onto a PVDF membrane (MilliporeSigma). Immunoblots were probed with either rabbit anti-TEM8 primary mAb (c37; Epitomics) followed by HRP-conjugated anti-rabbit secondary antibody; mouse anti-CMG2 primary mAb (1H8) (a gift of Stephen H. Leppla, NIAID) followed by HRP-conjugated anti-mouse secondary antibody; or HRP-conjugated mouse anti-FLAG primary mAb and exposed using WestDura ECL (Thermo Fisher Scientific). Immunoblots were probed with HRP-conjugated mouse anti-GAPDH primary mAb (clone 6C5; Abcam) as loading controls. jci.org Volume 128 Number 7 July 2018 m825-MMAE or TSC CM. For MMAE free drug-specific killing, HT29/P-gp tumor cells were treated with TSC CM or TSC CM plus 50 nM tariquidar. To evaluate intracellular cathepsin B-dependent cleavage, CM were collected from TSCs exposed to m825-MMAE plus 20 μM Z-FA-FMK (Santa Cruz Biotechnology) or to 20 μM CA074 (R&D Systems) for 72 hours. HT29 tumor cells were then treated with inhibitor-exposed TSC CM or control TSC CM without the inhibitors, and Z-FA-FMK was added after conditioning. After 4 days, viability was measured using Alamar Blue as described above. Statistics. A Student's t test was used to calculate differences in tumor volumes between 2 groups. For Kaplan-Meier survival analysis, a log-rank (Mantel-Cox) test was used to compare the study arms. Differences between 2 groups are presented as the mean ± SEM or the mean ± SD. Sample sizes (n) are indicated in the figure legends. All tests were 2-sided, and P values of less than 0.05 were considered statistically significant. Statistical analysis was performed using GraphPad Prism 6.04 (GraphPad Software). 
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Tem8 were isolated using biotinylated anti-TEM8 antibodies (m825) conjugated to streptavidin-linked magnetic beads (20) . Cells were expanded for 2 weeks at 33 tumor cells were injected into the spleen. After 5 minutes (to allow liver seeding), the spleens were resected and the abdomens sutured. To produce lung metastases, 1 × 10 6 MDA-MB-231-luc tumor cells were injected into the tail vein. For the PDX models, 2 mm 2 COS-G or 1 mm 2 CLO-G tumor tissue fragments were implanted s.c. or into the mammary fat pad, respectively. Subcutaneous and mammary fat pad tumors were measured with a digital caliper, and tumor volumes were calculated using the formula L × W 2 × 0.5 and presented as the mean ± SEM. Orthotopic pancreatic tumors and liver and lung metastases were measured using BLI. For therapeutic studies, mice were sorted into groups containing an equal average tumor size (usually ~100 mm 3 ) immediately prior to drug administration. To minimize variation, mice were excluded from the analysis at the time of sorting if their tumors were less than half the average tumor size for the group or more than double the average tumor size. Tumor measurements were taken by technicians blinded to the objectives of the study. The survival endpoint was reached when mice became moribund or lost more than 20% of their body weight. Mice were treated with vehicle (20 mM histidine), TEM8 antibodies, or free drug at the doses and schedules indicated in Figure 3 , Figure 4 , B-I, Figure 5A , and Figure 6G . ADC was initially administered i.v. by tail vein injection, but during this work we found that i.v. and i.p. dosing produced equivalent results ( Figure 3C) .
CM transfer assay. CM were collected from confluent TSCs in 6-well plates and exposed to m825-MMAE for 24 to 72 hours. HT29 tumor cells and TSCs were plated at 1,000 cells/well into 96-well plates, incubated for 24 hours, and then treated in triplicate with
